Three types of stable pyrene-based highly fluorescence (blue) compounds, 1-, 1,6-bis, 1,8-bis and 1,3,6,8-tetrakis(7-tert-butylpyrenyl)pyrenes and 1, 3,6,8-tetrakis[9,9-bis 
Introduction
Organic light-emitting devices (OLEDs) have seen remarkable development in the past two decades due to their potential application in full-color flat-panel displays and solidstate lighting [1] [2] [3] [4] . The three primary colors of red, green and blue (RGB) are essential for full-color displays. However, compared to red and green-based OLEDs, blue OLEDs show relatively poor performance due to the intrinsic wide-energy band-gap nature of blue emitters. Thus, blue emitting compounds with good color purity and high efficiency are particularly worthy of study.
Organic compounds such as polycyclic aromatic hydrocarbons (PAHs) (e.g. naphthalene, anthracene, pyrene, perylene, etc.) and their derivatives are suitable for developing RGB emitters for OLED applications owing to their excellent fluorescent properties [5] [6] [7] [8] [9] [10] . In particular, these compounds have strong -electron delocalization characteristics and can be substituted with a range of functional groups, which may be used for OLED materials with a tunable wavelength. Numerous RGB emitting compounds derived from naphthalene, anthracene, perylene and fluorene have been widely reported for OLED applications. However, the use of pyrene and its derivatives as blue emitters in OLEDs is limited because of the formation of -aggregates/excimers in solution at high concentration and in the solid-state, which can lead to additional long-wavelength emission and a decrease of fluorescence quantum yield. This problem has been mainly solved by the introduction of bulky or heavily branched side chains into the pyrene molecule or co-polymerization with a suitable bulky co-monomer. Recently, it was reported that pyrene derivatives could be used as blue-emitting compounds in OLEDs via the introduction of long or branched side chains [11] [12] [13] [14] [15] . Furthermore, the synthesis of a pyrene-based fluorescent dendrimer has also been reported, wherein the core unit is a 1,3,6,8-tetrasubstituted pyrene and the peripheral units contain monosubstituted pyrene units [11, [16] [17] [18] [19] [20] [21] .
On the other hand, fluorene is a PAH molecule with a rigid biphenyl plane. The C9 site of the fluorene molecule can be easily functionalized, which provides for the possibility of improved solubility and processability, and of controlling the excimer formation in the excited state [22] [23] [24] . Recently, fluorene-based compounds have been extensively used as thermally stable and efficient emissive OLED materials [2529] and as high carrier transport organic field-effect transistors (OFETs) material [30] [31] [32] .
In this study, pyrene was chosen as a -conjugation center core because of its excellent fluorescence properties [33] , its electron-acceptor nature [34, 35] , and its good performance in solution [36] . Substituted fluorenyl groups were introduced into pyrene molecules to invoke high solution and solid-state photoluminescence (PL) quantum yields [35] , and in order to block the inter-chain interactions. To improve solubility and thermal stability, two long alkyl groups were introduced at the C9 position of the fluorene moiety [37, 38] . The substituted pyrenyl groups were introduced because they are highly emissive, bulky, and rigid, and were expected to improve the fluorescence quantum yield and thermal stability.
We were interested in investigating the structure-property relationships between the -center pyrene core and the increasing number of substituents or the use of different substituents. Thus, we report herein the synthesis and fluorescence emission properties of 1-, 1,6-bis-, 1,8-bis-and 1,3,6,8-tetrakis-(7-tert-butylpyrenyl)-pyrenes and 1, 3,6,8- tetrakis[9,9-bis(3-methylbutyl)-9H-fluoren-2-yl]pyrene.
Experimental
The 1 H / 13 C NMR spectra were recorded at 300 MHz and 75 MHz on a Nippon Denshi JEOL FT-300 NMR spectrometer in CDCl 3 with Me 4 Si as an internal reference. The IR spectra were obtained as KBr pellets on a Nippon Denshi JIR-AQ2OM spectrometer. Mass spectra were obtained on a Nippon Denshi JMS-HX110A Ultra-high Performance Mass Spectrometer at 75 eV using a direct-inlet system. Elemental analyses were performed by Yanaco MT-5. Gas-liquid chromatograph (GLC) analyses were performed by Shimadzu gas chromatograph, GC-14A; silicone OV-1, 2 m; programmed temperature rise, 12 °C min -1 ; carrier gas nitrogen, 25 mL min -1 . UV-vis spectra were recorded on a Perkin Elmer Lambda 19 UV/VIS/NIR spectrometer. Emission spectra were performed in a semi-micro fluorescence cell (Hellma  , 104F-QS, 10×4 mm, 1400L) with a Varian Cary Eclipse spectrophotometer.
Materials
The preparations of 1-bromopyrene (2), 1,6-di-and 1,8-di-bromopyrene (3a and 3b), The compound 5 was prepared in 55 % yield from 1-bromo-7-tert-butylpyrene following by the reported procedure [40] as a white solid. mp 155-157 C. (9) . Similarly, compound 9 was obtained from 2-bromo-9,9-bis(3-methylbutyl)-9H-fluorene [42] and aqueous 2.0 M K 2 CO 3 (2 mL) were mixed in a flask containing argon saturated toluene (50 mL). The reaction mixture was stirred at 90 °C for 48 h. After it was cooled to room temperature, the reaction mixture was quenched with saturated sodium bicarbonate solution and extracted with dichloromethane (100 mL  2). The combined organic extracts were dried with anhydrous MgSO 4 and evaporated. The crude product was washed with hot toluene and methanol to provide 7 (268 mg, 67 %) as yellow prisms. mp > 300 °C. (243 mg, 0.156 mmol) and aqueous 2.0 M K 2 CO 3 (2 mL) were mixed in a flask containing argon saturated toluene (50 mL). The reaction mixture was stirred at 90 °C for 48 h. After it was cooled to room temperature, the reaction mixture was quenched with saturated sodium bicarbonate solution and extracted with dichloromethane (100 mL  2). The combined organic extracts were dried with anhydrous MgSO 4 and evaporated. The crude product was purified by column chromatography using hexane/dichloromethane 
Synthesis of 1,3,6,8-tetrakis-[9,9-bis(3-methylbutyl)-9H-fluoren-2-yl]pyrene (10).

Single-crystal X-ray diffraction measurements of 10 and 12.
Diffraction data for 10 and 12 were collected at low temperature on Bruker SMART Table 1 .
Results and discussion
Synthesis
1-Bromopyrene 2, 1,6-di-/1,8-di-bromopyrene 3a/3b and 1,3,6,8-tetrabromopyrene 4 were prepared by the bromination of pyrene 1 following the reported procedure [39] . The compound 5, prepared by following the reported procedure [40] , underwent halogenlithium exchange of 1-bromo-7-tert-butylpyrene [40] with n-BuLi at -78 °C in dry THF and then subsequent reaction of the anion with B(OMe) 3 gave the corresponding pyrene boronic acid, from which esterification with pinacol afforded the boronic ester 5 (55 % yield) as a white solid. Similarly, compound 9 was prepared from 2-bromo-9,9-bis(3-methylbutyl)-9H-fluorene [42] in a yield of 70 % according to our previous report [41] .
Scheme 1
A Suzuki cross-coupling reaction [43] [44] [45] was employed between the 1-bromopyrene 2 and the pyrene boronic ester 5, under the improved reaction conditions reported in the literature [40] , to afford the desired compound, 1-(7-tert-butylpyren-1-yl)pyrene 6 in 72 % yield (Scheme 3). Similarly, the 1,3,6,8-tetrakis(7-tert-butylpyren-1-yl)pyrene 8 was obtained in 66 % yield under the same conditions. Both 6 and 8 were successfully purified by flash column chromatography. On the other hand, the mixture of 3a and 3b was also following the reported literature procedure [42] , respectively (Scheme 2 and 3).
Scheme 2 Scheme 3
The structures for these pyrene-based -conjugated compounds 6-8, 10 and 12 were fully characterized on the basis of their However, the isomeric 1,6-bis-, and 1,8-bispyrenyl-substituted pyrenes 7a and 7b have limited solubility in organic solvents.
X-Ray molecular structure and crystal packing
The molecular structure of compound 10 was further confirmed by single crystal X-ray analysis. The crystals (pale yellow needles) were grown by slow evaporation of a concentrated chloroform solution. As a comparison, the crystals of 12 were also obtained from its concentrated chloroform solution. The crystallographic data for compounds 10 and 12 are summarized in Table 1 . 
Photophysical properties
The UV/Vis absorption and fluorescence spectra of these three types of pyrenyl-substituted pyrenes 6-8, the fluorenyl-substituted pyrene 10 and the phenyl-substituted pyrene 10 recorded in dichloromethane (CH 2 Cl 2 ) at 25 °C are shown in Figures 3 and 4 , respectively.
The corresponding spectroscopic data are summarized in Table 2 . Table 2 . Photophysical data of compounds 6−8, 10, 12 and pyrene (1).
[a]
As shown in Table 2 and Figure 3 , the absorption spectra of these pyrenyl-substituted pyrenes 6-8 show a -* band at ~349-396 nm and the absorption maxima of 6 (349 nm) and 8 (396 nm) are significantly red-shifted ca. 13 nm and ca. 60 nm compared with that of the unsubstituted parent pyrene 1 (336 nm), respectively. Similarly, in the case of 7a/7b, the absorption spectra maximum (357 nm) is red-shifted ca. 21 nm from that of pyrene 1.
Thus, from the mono-substituted pyrene 6 to the tetrakispyrenyl-substituted pyrene 8, the absorption spectra gradually revealed a red-shift due to increasing -conjugation, along with the increasing numbers of pyrenyl-substituents. Similar findings were observed in the tetrakis-fluorenyl-substituted pyrene 10 ( max = 395 nm, red-shifted ca. 59 nm) and the tetrakis-phenyl-substituted pyrene 12 [13] arising from the increasing numbers of substituents compared with the parent pyrene 1. In the present pyrenyl-substituted pyrenes (6) (7) (8) , the order is 6 < 7a/7b < 8, implying that the energy gap between ground state and excited state decreases in this order ( Table 2 ). For example, the emission maxima of the pyrenyl-substituted pyrenes 6, 7a/7b, and 8, consecutively shifted to longer wavelengths at 432, 451 and 465 nm respectively ( Figure   4a ), in a manner similar to their absorption maxima. These results were also observed in some carbazole-based dendrimers [46] and several phenylethynyl-substituted pyrene derivatives [47, 48] . Similar findings were observed in the tetrakisfluorenyl-substituted pyrene 10 ( max = 456 nm, red-shifted ca. 82 nm) and the tetrakis-phenyl-substituted pyrene 12 [13] ( max = 432 nm, red-shifted ca. 58 nm), in a manner similar to their absorption maxima (Figure 4b ).
The fluorescence quantum yields ( f ) of 6-8 and 10 recorded in dichloromethane are listed in Table 2 , along with their absorption (A max ) and emission ( max ) maxima. The quantum yield  f values of 6-8 and 10 were found to be in the range 0.75-0.99 relative to that of 9, 10-diphenylanthrathcene (0.90 in cyclohexane) [49] .
In order to obtain detailed electronic spectroscopic properties of these pyrenyl-substituted pyrenes, the influence of solvents on the UV-vis absorption and fluorescence emissions were investigated. The 1-pyrenyl-substituted pyrene 6 and 1,3,6,8-tetrakis-pyrenylsubstituted pyrene 8, were selected as representative compounds, and their optical absorption and emission spectroscopic data measured in various solvents are listed in Table 3 . Table 3 . Optical absorption and emission spectroscopic data for compounds 6 and 8 in various solvents at 25 °C.
The solvatochromic effect not only depends on the molecular structure, but also depends on the nature of the chromophore, and the solvents [49] . We observed a slight positive solvatochromism in both their absorption and their emission spectra (Table 3) Similarly, in the case of emission for 6, a small positive solvatochromism behavior was also observed with increasing solvent polarity; the emission spectrum of 6 was observed with a peak around 425 nm in cyclohexane. A broad and red-shifted emission of 6 was observed with only one peak at  max = 449 nm ( emi = 24 nm) in solvent of high polarity, namely DMF ( Figure 6(i) ). Similar results were also observed for 8 in both the absorption spectra and emission spectra ( Figure 5 (ii) and 6(ii)). We have also used a MatagaLippert plot to determine the line relationship of the Stokes shift (st) against the solvent parameter f-(,n) [50] . MatagaLippert plots of 6 and 8 are shown in Figure 7 . The slope gives the variation of dipole moment upon excitation. The linear relationship suggests the presence of just one excited state. These results indicated that the  e (dipole moment of 6 in the excited state) should be a little larger than the  g (the dipole moment of 6 in the ground state) because a positive solvatochromic effect was observed in the absorption spectra and emission spectra [51, 52] .
Although the dipole moments of 8 in either the ground or excited states are indeed zero because they are centro-symmetric in the ideal C 2h symmetry, these current results obtained above indicated that the Q e (the quadrupole moments of 8 in the excited state) should be larger than the Q g (the quadrupole moments of 8 in the ground state) because positive solvatochromic effects were observed in both the absorption spectra and the emission spectra. This implies that there is a change in the quadropole moment upon excitation [53] . On the other hand, the fact that the solvatochromic effect is more important for emission than for absorption, suggests that these current compounds are more solvated in the excited state than in the ground state [54] . 
Conclusions
